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ABSTRACT 
 
The photovoltaic (PV) modules are primarily characterized for their 
performance with respect to incident irradiance and operating temperature. This 
work deals with data collection and automation of data processing for the 
performance and thermal characterizations of PV modules. This is a two-part 
thesis: The primary part (part-1) deals with the software automation to generate 
performance matrix as per IEC 61853-1 standard using MPPT (maximum power 
point tracking) data at the module or system level; the secondary part (part-2) 
deals with the software automation to predict temperature of rooftop PV modules 
using the thermal model coefficients generated in the previous studies of the 
Photovoltaic Reliability Laboratory (PRL). 
 
Part 1: The IEC 61853-1 standard published in January 2011 specifies the 
generation of a target performance matrix of photovoltaic (PV) modules at 
various temperatures and irradiance levels. In a conventional method, this target 
matrix is generated using all the data points of several measured I-V curves and 
the translation procedures defined in IEC 60891 standard. In the proposed 
method, the target matrix is generated using only three commonly field measured 
parameters: Module temperature, Incident irradiance and MPPT (Maximum Peak 
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Power Tracking) value. These parameters are loaded into the programmed Excel 
file and with a click of a button, IEC 61853-1 specified Pmppt matrix is displayed 
on the screen in about thirty seconds. 
Part 2: In a previous study at PRL, an extensive thermal model to predict 
operating temperature of rooftop PV modules was developed with a large number 
of empirical monthly coefficients for ambient temperature, irradiance and wind 
speed. Considering that there is large number of coefficients for each air gap of 
rooftop modules, it became necessary to automate the entire data processing to 
predict the temperature of rooftop PV modules at different air gaps. This part of 
the work was dedicated to automatically predict the temperature of rooftop 
modules at different air gaps for any month in a year just using only four input 
parameters: Month, Irradiance, Ambient temperature and Wind speed.     
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CHAPTER 1: INTRODUCTION 
   
1.1 Overview 
 
The performance of a photovoltaic (PV) module depends on its operating 
conditions. Irradiance and ambient temperature are the major climatic conditions 
that affect the power production of PV modules. PV modules are typically rated at 
Standard Test Conditions (STC) (1000 W/m², 25°C, AM1.5). These conditions 
vary hour-to-hour, day-to-day and season-to-season. Thus, the amount of energy 
produced by a PV module is heavily influenced by these climatic conditions.  
Apart from rating the module at STC, the industry needs a temperature and 
irradiance matrix to predict the energy produced by the PV module.  
The performance of the modules increases as the irradiance increases and 
decreases as the module temperature increases. The decrease in the performance 
is due to the negative temperature coefficient of power output.  
The temperature of PV modules is dictated by ambient conditions, such as 
irradiance, ambient temperature and wind speed. Based on field data acquired by 
Arizona State University’s Photovoltaic Reliability Laboratory (ASU-PRL), the 
effects of wind direction and humidity on open, rack-mounted PV modules were 
found to be negligible [1].  
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The Building Applied Photovoltaic (BAPV) system, also known as the 
The Building Applied Photovoltaic (BAPV) system, also known as the Building 
Integrated Photovoltaic (BIPV) system or Rooftop Photovoltaic system, is a major 
application of the PV modules. In hot climatic conditions, such as those in 
Phoenix, Arizona, the BAPV module temperature can reach as high as 95°C 
during the peak ambient temperatures of summer. Considering a general 0.5%/°C 
power drop for crystalline silicon modules, a performance drop of about 30% 
would be expected during the summer months because of the difference between 
rated temperature (25°C) and operating temperature (~90°C). When the BAPV 
modules are installed on a roof, there is an air gap between the modules and the 
surface of the roof. The temperature of the BAPV modules is affected directly by 
the size of this air gap, which, in turn, affects the performance of the BAPV 
modules. Therefore, it is necessary to determine the optimum air-gap size in order 
to appropriately design a BAPV system. In addition, temperature prediction is 
very important in order to determine expected power output from the modules. 
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1.2 Statement of Work 
This work deals with data collection and automation of data processing for 
the performance and thermal characterizations of PV modules. This is a two-part 
thesis: The primary part (part-1) deals with the software automation to generate 
performance matrix as per IEC 61853-1 standard using MPPT (maximum power 
point tracking) data at the module or system level; the secondary part (part-2) 
deals with the software automation to predict temperature of rooftop PV modules 
using the thermal model coefficients generated in the previous studies of the 
Photovoltaic Reliability Laboratory (PRL). 
1.2.1 Part 1 : 
 A temperature and irradiance matrix of performance parameters of a 
photovoltaic (PV) module can be used to predict energy produced by that PV 
module. The temperature and irradiance matrix specified by the IEC 61853-1 
standard is presented in Table 1 [2]. The matrix of these parameters is usually 
obtained through a series of indoor or outdoor current-voltage (I-V) 
measurements using temperature and irradiance controlled equipment. In the 
current work, the output power (MPPT, maximum power point) of module along 
with irradiance and module temperature are monitored frequently (every 6 
minutes) throughout the year. This is done using a multi-curve tracer, on a fixed 
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tilt module. In the current work, an Excel file is programmed to automatically 
generate the performance matrix by using the best fitting curve and performing 
interpolation or extrapolation to the required values. The translated data are 
compared with actual measured data for validation of the program.  
 
Table 1[2] Temperature and Irradiance Matrix as per IEC 61853-draft standard 
Isc, Pmax, Voc, And Vmax Versus Irradiance And Temperature 
Irradiance (W/M
2
) Spectrum Module Temperature (°C) 
  
15 25 50 75 
1100 AM1.5 NA 
   
1000 AM1.5 
    
800 AM1.5 
    
600 AM1.5 
    
400 AM1.5 
   
NA 
200 AM1.5 
   
NA 
100 AM1.5 
  
NA NA 
NA is not applicable. 
 
 
The PV module parameters are listed below: 
Isc = Short-circuit current (A); 
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Voc = Open-circuit voltage (V); 
Imp = Current at maximum power point (A); 
Vmp = Voltage at maximum power point (V); 
Pmp = Power at maximum power point (W); 
FF = Fill factor (dimensionless). 
 
This work introduces a new and inexpensive way of generating the performance 
matrix using conventionally monitored MPPT (maximum power point) values at 
the array dc level or system ac level. The advantages of the new approach include: 
 Predicting module(dc) / array(dc) / system(ac) output based on the 
routinely monitored outdoor data of irradiance, temperature and MPPT 
 Avoiding the pre-cooling of PV module for temperature control while 
warming up under sun 
 Avoiding the mesh screens for irradiance control under sun.  
 Eliminating the prolonged manual work of taking I-V curves outdoor, 
especially during hot summer days 
 Eliminating the waiting period for a clear sunny day measurements 
 Avoiding extensive and complex I-V curve translation methods 
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 Utilizing this spreadsheet as an online system level diagnostic tool to 
monitor the health of dc array (and/or ac system) over time (year over 
year) for performance degradation or soiling effect at any specific set of 
temperature-irradiance conditions. 
 
Assumptions:  
A test station is set up at Arizona State University Polytechnic Campus, 
Mesa,Arizona. This station has ten polycrystalline silicon PV modules whose 
performance is measured. 
 PV module temperature is only measured at one point of PV module’s 
backskin. This temperature is considered to be PV module’s operating 
temperature 
 Irradiance measured by reference cell is considered as the actual irradiance 
on the test PV module since they both are in same plane with glass 
superstrates (angle of incidence effect is the same for both test module and 
reference cell) and cell technology of PV module and reference cell are 
closely matched for spectral response. 
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1.2.2 Part 2:  
There are several thermal models for open, rack-mounted PV modules, but 
only a few thermal models are available for BAPV modules [3]. This thermal 
model for BAPV modules was based on the field data from ASU-PRL, which 
were acquired for one year. The objective of developing a thermal model was to 
analyze the temperature variation and its influence on the performances of the 
BAPV modules with different air gaps of 0”, 1”, 2”, 3”, and 4”, respectively, on 
the BAPV system with respect to ambient temperature and other influencing 
parameters, such as wind speed, wind direction, and solar irradiance.  
Twenty BAPV modules were arranged in 5 rows and 4 columns. Every column 
modules are installed with various air gap sizes (0,1,2,3, and 4inches). Irradiance, 
Ambient temperature, wind speed, wind direction and module temperature were 
collected for one-year period (May 2009 – April 2010). 
The thermal model used is as shown in the equation below 
 
Tmodule = E * w1 + Tamb*w2 + WS*w3 + c 
 
 
where:  
Tmodule: module temperature (°C);  
E: irradiance (W/m²);  
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Tamb: ambient temperature (°C);  
WS: wind speed (m/s);  
w1- w3: coefficients;  
c: constant.  
A linear regression fit to the data provides the required coefficients for the 
development of the thermal model, and the MATLAB program was used to 
extract these coefficients.  
In the previous studies at ASU-PRL, the coefficients obtained with one-month 
data (May 2009; monthly coefficients) and one-year data (May 2009 - April 2010; 
annual coefficients) were compared and was decided to develop the coefficients 
for every month. 
This thesis deals with automation of the thermal model by programming an Excel 
file using Visual Basic macros. The programmed Excel file contains a sheet 
where month, irradiance (W/m²), ambient temperature (°C) and wind speed (m/s) 
are entered. With a click of a button a column is generated which shows the 
predicted module temperatures of the modules. 
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Limitations  
 
The mock roof construction is limited to only one pitch and one type of 
roof concrete tile. Even though the frames of the 0-inch air gap modules are 
attached to the surface of the roof, stagnant air still exists below the modules due 
to space between the laminate of the module and the tile.  
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CHAPTER 2: LITERATURE REVIEW 
 
2.1 Energy Model 
The performance of the module mainly depends on module temperature, 
irradiance, the spectral response of the module, and the characteristic of the 
module itself. Different models like irradiance model, thermal model, and spectral 
model are to be used for determining the module performance. Energy from the 
daily power production can be calculated using the equation (1)
 
[4] given below: 
        (1) 
where: 
E: module energy output (Wh); 
Δt: data sampling interval (hours); 
Pi: power at the i
th
 sample time (W). 
2.2 Power Models 
There are different models for evaluating module’s power output under 
operating conditions. In this section, the typical power models are reviewed. 
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2.2.1 PVUSA Model 
Since 1989, PVUSA has been rating PV systems using continuous data 
collection and a simple regression model. The PVUSA model [5] is based on 
simplified assumption that array current is primarily dependent on irradiance, and 
that array voltage is primarily dependent on array temperature, which, in turn is 
dependent on irradiance, ambient temperature, and wind speed. These 
dependencies are combined in Equation (2). 
     (2) 
where: 
P = power output of module (kW); 
Irr = plane-of-array (POA) solar irradiance, broadband measurement (W/m
2
); 
Tamb = ambient temperature (°C); 
WS = wind speed (m/s); 
A, B, C, D = regression coefficients. 
The limitations of this model are [5]: 
 It is necessary to collect the data at and above the certain rated value of 
irradiance, and a particular range of module temperature and wind speed. 
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 This model does not work for low irradiance values (usually below 
500W/m
2
). 
2.3 Solar ABCs report - Power rating as per IEC61853-1 
 
This study report deals with two rounds of outdoor measurements and results to 
realize the following five objectives. 
 Identify measurement repeatability issues with a non-standardized test 
setup, standardize the measurement setup, 
 Verify the device linearity per IEC 60904-10, 
 Generate the power (Pmax) matrix per IEC 61853-1, and 
 Validate four different current-voltage translation/interpolation techniques 
of IEC60891 and the National Renewable Energy Laboratory (NREL). 
 
Here are the major conclusions corresponding to the five objectives: 
1. Outdoor measurement repeatability issues: The repeatable power rating 
measurements at various irradiance levels under natural sunlight within an 
acceptable deviation limit of 2% could not be achieved when uncalibrated 
mesh screens were placed directly (0-inch distance) on the test module and 
reference cell. 
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2. Standardization of measurement setup: A standardized measurement setup 
was established with reference cells kept outside the calibrated mesh 
screens, which were placed at a 2-inch distance above the test modules. 
3. Verification of device linearity per IEC 60904-10: The linearity 
requirements of opencircuit voltage, short-circuit current, and maximum 
power versus temperature are met by all four test technologies. Similarly, 
the linearity requirement of open-circuit voltage versus the logarithm of 
irradiance is also met (with two minor exceptions presumably due to some 
experimental errors) by all four test technologies. For the short-circuit 
current versus irradiance, the devices met the linearity requirement (2% 
deviation limit) for irradiance levels above 200 W/m2 but they 
surprisingly showed a higher deviation for the irradiance levels below 200 
W/m2. This higher deviation was objectively attributed to some minor 
experimental errors related to the calibration of low transmittance mesh 
screens under natural sunlight. 
4. Generation of Pmax matrix per IEC 61853-1: The required 23-element 
Pmax matrix of IEC 61853-1 was successfully generated for all four 
module technologies using the four translation/interpolation procedures of 
IEC 60891 and NREL. Unless the data processing personnel pay extreme 
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attention or commercial test laboratories automate the data processing, the 
translation procedures (1 and 2) are more prone to human error than the 
interpolation procedures (3 and 4). However, procedures 1 and 2 would 
work extremely well if multiple narrow irradiance ranges are used with 
individual sets of correction values for each narrow irradiance range or 
multiple sets of correction values are used for a single wide irradiance 
range. 
5. Validation of procedures of IEC 60891 and NREL: An extensive 
validation analysis of the four translation/interpolation procedures, at both 
narrow and wide irradiance ranges, indicates that all four procedures are 
remarkably accurate within an average error of 3% and a root mean square 
error (RMSE) of 4.5%. 
 
2.4 IEC 60891 translation procedures 
 
2.4.1 Procedure 1 - IEC 60891 Method 
 
IEC 60891 Procedure 1 [4] can be used to translate a single measured I-V 
characteristic to selected temperature and irradiance or test conditions by using 
equations (1) and (2).   
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I2 = I1 + Isc [(G2/G1) – 1] + α (T2 – T1)    (1) 
V2 = V1 – Rs (I2 – I1) – κ I2 (T2 – T1) + β (T2 – T1)   (2) 
where: 
I1 and V1 are coordinates of the measured I-V curve  
I2 and V2 are the coordinates of the translated I-V curve 
G1 is the irradiance measured with the primary reference cell 
G2 is the irradiance at desired conditions in the matrix 
T1 is the module temperature   
T2 is the desired temperature in the matrix 
Isc is the measured short circuit current of the test specimen at measured I-
V curve. 
Rs is the internal resistance of the test module 
κ is the curve correction factor derived from measured conditions  
Two constants α and β need to be obtained before any translation is done.  
These are temperature coefficients at the target irradiances. (i) α is the 
temperature coefficient at short circuit current; (ii) β is the temperature coefficient 
at open circuit voltage.   
  
16 
 
  IEC 60891 standard also describes the procedures in obtaining Rs and κ 
values and will be shown in the methodology section. This procedure is limited to 
a less than 20% irradiance correction. 
2.4.2   Procedure 2 - IEC 60891 Method 
 
IEC 60891 Procedure 2 [4] is similar to Procedure 1 with additional 
correction parameters required.  The following equations below are used to be 
able to achieve the current and voltage coordinates of the translated curve. 
I2 = I1 * (1 + αrel * (T2 – T1)) * G2/G1                        (3) 
V2 = V1 + Voc1 * ( βrel * (T2 – T1) + α * ln (G2/G1)) – R’s * (I2 – I1) – κ’ * I2 * (T2 – 
T1)                 (4) 
αrel and βrel are the current and voltage temperature coefficients at standard 
test conditions, 1000 W/m
2
 related to the short circuit current and open circuit 
voltage at STC (standard test conditions) 
R’s is the internal resistance of the test specimen 
κ'   is the temperature coefficient of the series resistance R’s.   
These two parameters are derived and the procedure outlined by IEC60891 will 
again be discussed in the methodology section. 
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2.4.3   Procedure 3 - IEC 60891 Method 
 
IEC 60891 Procedure 3 [4] has three (3) parts as described in the same 
standard but in this particular paper only two (2) will be explored.  The general 
equations are stated below and the sections to be explored will be utilizing two (2) 
and three (3) curves as reference curves for subsequent translations to test 
conditions. 
V3 = V1 + α * (V2 – V1)                  (5) 
I3  = I1 + α * (I1 – I1)        (6) 
Where: 
I3 and V3 are coordinates of the translated curve at G3 and T3 
I1 , V1 , I2 , V2 are the coordinates of the two (2)  measured reference IV curves at 
conditions G1, T1 and G2 , T2 consecutively. 
These two measured reference IV curves with coordinates (I1 , V1)  and (I2 , V2) 
should satisfy the condition: 
I2 – I1 = Isc2 – Isc1  where Isc1 and Isc2 [2] are the measured short circuit current. 
The constant α in this procedure is the constant for interpolation which can 
be obtained by using the equations below. 
G3 = G1 + α * (G2 – G1)       (7) 
T3 = T1 + α * (T2 – T1)                 (8) 
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With these equations, it should be noted that G3 and T3 cannot be obtained 
independently when G1, T1 and G2, T2 are fixed.  In this case, using only two 
reference measured I-V curves do not always yield to the desired matrix 
conditions for a given set of reference curves.   
Extending it to three measured reference I-V curves instead of two using 
the general procedures described can extend IEC 60891 Procedure 3 to obtain an 
actual matrix condition.  The figure below illustrates how a desired matrix 
condition Gn, Tn can be obtained. 
 
 
 
 
 
 
 
 
 
Figure 1 Procedure 3: Area enclosing interpolation range[2] 
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In this method, it starts with three measured reference I-V curves with 
coordinates (Ga, Ta), (Gb, Tb) and (Gc , Tc) [4] as shown in Figure 1.  To obtain 
(Gm , Tm) it is calculated from (Ga, Ta), (Gb, Tb) from which (Gn , Tn) coordinate is 
subsequently calculated from (Gc , Tc) and (Gm , Tm).   
2.5 Thermal Model 
Module temperature has a major impact on the power output of the 
module. Voltage produced by the module decreases with increase in module 
temperature. Module temperature depends on following factors [6]: 
1. The equilibrium between the heat produced by the PV module. This 
depends on the operating point of the module, the optical properties of the 
module and solar cell, and the packaging density of the solar cells in PV 
module. 
2. The heat loss to the environment. Conduction, convection, and radiation 
are the three mechanisms through which heat loss to environment is 
possible. These mechanisms depend on the thermal resistance of the 
module, the emissive properties of the module, and the ambient conditions 
in which the module is mounted (roof integrated or open rack). 
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3. The ambient operating temperature, irradiance, shading and wind speed. 
Different thermal models are developed in past either based on theoretical heat 
balance approach or on real world field data. Different thermal models are 
discussed as follows. 
2.5.1 Simple Model 
The simple model [8] was built on the fact that the operating temperature 
of solar cell above ambient is roughly proportional to the solar irradiance when 
the module is installed on the open rack and wind speed is low. The equation of 
module temperature prediction of simple model is given in equation (9). 
      (9) 
where: 
Tcell = solar cell temperature (°C); 
Tamb = ambient temperature (°C); 
Irradiance = solar irradiance (W/m
2
). 
2.5.2 NOCT Model 
PV modules when operating in field usually operates at higher temperature and 
somewhat lower insolation [6]. Thus, it is necessary to determine the expected 
operating module temperature to know the power output of the module. The 
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Nominal Operating Cell Temperature (NOCT) is defined as the temperature 
reached by open circuited cells in a module under the conditions as listed below: 
 Irradiance on cell surface = 800 W/m2  
 Ambient Temperature = 20°C  
 Wind Velocity = 1 m/s  
 Mounting = open back side.  
Therefore, for open rack PV systems, an approximate equation for calculating cell 
temperature as per NOCT model [6] is given in equation (10). 
    (10) 
where: 
Tmod = module temperature (°C); 
Tamb = ambient temperature (°C); 
TNOCT = module’s nominal operating cell temperature (°C); 
Irradiance = solar irradiance (W/m
2
). 
2.5.3 Sandia Model 
 
Sandia National Laboratories developed a simple empirically-based thermal 
model [7] for predicting PV module temperature. This model has been verified by 
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Sandia National Laboratories and has shown the accuracy of about ±5°C for 
predicting PV module temperature. Equation (11) [7] represents Sandia thermal 
model. 
                                                                                  (11) 
where: 
Tm = back-surface PV module temperature (°C); 
Ta = ambient air temperature (°C); 
WS = wind speed measured at standard 10m height (m/s); 
a = empirically-determined coefficient establishing the upper limit for module 
temperature at low wind speeds and high solar irradiance; 
b = empirically-determined coefficient establishing the rate at which module 
temperature drops as wind speed increases. 
Empirically determined coefficients (Equation (11)) by Sandia National 
Laboratories for different PV module types and mounting configurations are 
given in Table 2 [7]. 
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Table 2 Empirical Coefficients reported by Sandia National Laboratories for 
Sandia Thermal Model [7] 
 
 
 
2.5.4 Tang’s Model – Open Rack  
Yingtang Tang’s Masters’ thesis, “Outdoor Energy Rating Measurements 
of Photovoltaic Modules,” developed a thermal model using three parameters 
ambient temperature, wind speed, and global irradiance. This thermal model gave 
accurate results for predicting module temperature. Tang started off with five 
parameters: irradiance, wind speed, ambient temperature, wind direction and 
humidity. From his results, ambient temperature, irradiance, and wind speed are 
the major factors affecting the module temperature. Wind speed has a major 
effect. The module temperature decreases by about 1.5°C per m/s wind speed 
increase. The thermal model two developed by Tang [8] is given in equation (5). 
   (3) 
  
24 
 
where: 
Tamb: ambient temperature (
0
C); 
Irradiance: global solar irradiance (W/m2); 
WS: wind speed (m/s). 
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CHAPTER 3: METHODOLOGY 
3.1 PART 1: Performance matrix methodology 
3.1.1 Experiment Setup 
 
An experimental setup with ten polycrystalline PV modules, a weather station, a 
multi-channel current-voltage curve tracer and data acquisition system (DAS) 
were installed at ASU Polytechnic Campus, Mesa, Arizona. These test modules 
were installed in open rack configuration, south facing and with latitude tilt. The 
data acquisition system was used for recording module temperature, weather, and 
performance of PV modules. Weather station monitored irradiance, windspeed, 
ambient temperature, wind direction, relative humidity, and rainfall. I-V (Current-
Voltage) curves are taken using a Raydec Multicurve Tracer. The maximum peak 
power tracking (MPPT) is done by Multicurve Tracer. Two mono-crystalline 
silicon reference cells (EETS) and a pyranometer (Eppley PSP) were used to 
measure irradiance. One reference cell is at latitude tilt while the other is in 
horizontal position. PSP is also mounted in latitude tilt position. Thus, two values 
of latitude tilt irradiance and one value of horizontal irradiance are being 
recorded. 
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The complete data acquisition system is kept in an outhouse in the Photovoltaic 
Reliability Laboratory’s (PRL) test yard. The complete setup is shown in Figure 
2. 
 
 
 
 
 
 
 
 
 
 
  
The output of each module is connected to IV curve tracer which in turn is 
connected to a data acquisition system which recorded irradiance, module 
temperature and MPPT as a data set. These data sets are collected for every six 
minutes.  
 
Figure 2 Experiment Setup 
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3.1.2 Data Collection: 
The data is obtained with one PV module. Every MPPT value with its 
corresponding irradiance and module temperature is considered as a dataset. To 
obtain datasets at nearly every degree temperature raise, the data acquisition 
system is programmed to collect the datasets at a high frequency of 6-minute 
interval. In the first approach, data (irradiance, module temperature and MPPT 
value) of a single module was collected for twelve continuous days and used as 
raw data. To minimize the number of days used for data collection, six continuous 
days data of the single module was used as raw data.  
 
3.1.2  Data Entry 
 
Irradiance in W/m², Module Temperature in ˚C and Module output power 
(MPPT) in Watts are used as raw data. This raw data has to be entered in first tab 
(Sheet 4) starting from cell “A6” as shown in Figure 4. 
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3.1.3 Data Processing 
The Excel sheet  has different pre-programmed buttons for step by step 
processing.  
1. Button 1.The irradiance data and Module temperature data are rounded to its 
nearest integer. Power values remain the same.  
Figure 3 Screen shot of raw data in "Sheet 4" 
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2. Button 2. The whole data is arranged in increasing order of irradiance and 
data sets having less than 40W/m² irradiance are deleted. 
 
3. Button 3. The whole set of data is arranged again in increasing order of 
temperature. 
3.1. Reason for arranging the data by irradiance followed by 
temperature.  
Figure 4 Data after rounding raw data 
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If the “Button 2” (ascending order of irradiance) is not executed before 
“Button 3”, sorted data would be in the format shown in Figure 6. 
3.2. After arranging data in increasing order of irradiance and then 
sorting by temperature, we get values of irradiance in increasing order 
for every module temperature as shown in Figure 7. 
Figure 6 Unsorted Data 5
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Figure 6 Irradiance values arranged in increasing order 
 
4. In sheet 5, clicking on “Create X and Y” unique values of Irradiance and 
Temperature to form the axis are created. Here “Arranged order (Temp)” 
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values are selected and duplicates are removed from each row of Irradiance 
and Temperature. Then the Irradiance values are again sorted in increasing 
order. 
5. Button 11 is used to filter the whole data set using 3 steps. 
 Step 1: Considering all the data points with same module temperature 
as a set. A trend line equation is calculated using all the data points in 
a set. The data points deviating more than -13% are deleted. 
 Step 2: Trendline equation is calculated again for the same set and 
points and values deviating more than +16% are deleted. 
 Step 3: Assuming linear behavior of the module, the Pmax values are 
considered to be in increasing order with irradiance. Pmax values which 
do not follow the increasing order are deleted.  
 Step 4: Trend line equation is calculated again for the same set and 
points and values deviating less than +0.9% are deleted. 
6. By clicking “Form the axis”, axis is created in sheet2. Irradiance is in Y axis 
and Module temperature is in X axis. 
7. Using “Create Graph” button, module output values are displayed in the 
cells intersecting Irradiance value(Y axis) and Module temperature(X axis). 
If the Excel doesn’t finds value for any combination of Irradiance and 
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Temperature, it prints N/A in the respective cell. Its working is given in the 
following flow chart. 
 
Figure 7 Flowchart for chart generation 
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3.1.4 Result generation 
Irradiance and module temperature are entered and “Verify” button is clicked as 
shown in Figure 10. When Pmax of the module is required for specific 
irradiance(X) and module temperature(Y), the program searches for data sets 
having the module temperatures in the range Y +/-5 degree Celsius.  
 
Figure 8 Program searching for matched value 
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In the selected group,  
Pmax values are calculated for only Y˚C using temperature coefficient.  
Now the group has different irradiance values with one temperature 
value(Y) as shown in Figure 9. In this group a range of irradiance values   
have to be selected which can be used for generation of slope of Pmax. 
Depending upon the value of X, three conditions may arise in selection of 
irradiance range. 
 
1. X is less than lowest irradiance value in the group. 
2. X is between any of the two irradiance values in the group. 
3. The value of X is greater than the highest irradiance value in a group. 
Figure 9 Screen shot of "Verify" button 
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Condition 1 is addressed by interpolating the lowest irradiance values close 
to X. 
      For the second condition, a graph is created for irradiance values in the 
range of X+100 and X-100 versus Pmax. Finally, the Pmax of the module at 
X irradiance and Y module temperature is calculated with the help of trend 
line equation. 
 
      For condition 3, The Pmax value is extrapolated from the irradiance values 
falling under range X-100 and X.  If the program did not encounter 
irradiance values under this range, the program searches for the same range 
of values at Y+1 module temperature.  The program continuously searches 
for this range until it finds at Y+n module temperature. 
 
     The program calculates Pmax of the module at X irradiance and Y+n module 
temperature using extrapolation. This Pmax is translated for Y module 
temperature using 0.5%/˚C temperature. A flowchart description of the 
program is shown in Figure 7. Button 6 is used to generate the Performance 
matrix. 
Conventions used in the flowchart 
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R.Irr = Irradiance at which the module output power has to be predicted. 
D.Irr = Irradiance value in the data base.  
 
 
 
 
 
Figure 10 Displaying conventions used-1 
Figure 11 Displaying conventions used-2 
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3.1.5 Flow chart: 
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3.2 Thermal Model Automation (Part 2) 
3.2.1 BAPV Module Installation  
 
In order to install the BAPV modules, a mock roof was designed and constructed 
at Arizona State University’s Photovoltaic Reliability Laboratory (ASU-PRL) in 
Mesa, Arizona.  
The specifications of the mock roof are detailed below.  
 Roof dimension: 32 x 17.5 ft  
 Roof orientation: South fixed  
 Roof pitch: 23° from horizontal  
 Roofing materials: cement based concrete flat tiles  
 Air gap spacing: 0, 1, 2, 3, and 4 inches  
 
Twenty PV modules from four different manufacturers were selected for use in 
monitoring the temperatures of the BAPV modules. Crystalline silicon technology 
PV modules were chosen for this experiment. Ten BAPV modules were from two 
different manufacturers that used poly crystalline silicon (poly c-Si) technology, 
and the other 10 BAPV modules were from two different manufacturers that used 
mono crystalline silicon (mono c-Si) technology. The array configurations are 
detailed below, in Table 3.1 and Figure 3.1.  
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Test technology: poly c-Si and mono c-Si  
Module electrical termination: open-circuit  
Number of test modules: 20 (10 mono c-Si; 10 poly c-Si)  
Array matrix: 4 columns (5 modules each) x 5 rows (4 modules each)  
 Column 1: poly c-Si BAPV modules [manufacturer 1]  
 Column 2: mono c-Si BAPV modules [manufacturer 2]  
 Column 3: poly c-Si BAPV modules [manufacturer 3]  
 Column 4: mono c-Si BAPV modules [manufacturer 4]  
 Row 1: 0” air gap (0 cm air gap)  
 Row 2: 1” air gap (2.54 cm air gap)  
 Row 3: 2” air gap (5.08 cm air gap)  
 Row 4: 3” air gap (7.62 cm air gap)  
Row 5: 4” air gap (10.16 cm air gap)  
Distance between modules in each column: 2 – 6 in (5 - 15 cm)  
Distance between modules in each row: 1 in (2.54 cm)  
Depth of module frame. ~2 in (5 cm)  
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Table 3 Array of BAPV modules on the mock roof 
 
 
 
Figure 12 Array of BAPV modules on the simulated rooftop structure[3] 
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Figure 13 Side view of the simulated rooftop structure with installed modules[3] 
 
3.2.2 Data Collection and Processing 
 
A data acquisition system (DAS) was used to collect the extensive quantity of 
temperature data over the one-year period. For the data collection, a National 
Instruments data acquisition system was installed behind the mock roof. The four 
NI-9211 modules that were connected to the thermocouples were hard wired to 
the high-speed, USB DAS, which was controlled by the LabVIEW signal express 
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program, which is a powerful and flexible graphical development environment 
created by National Instruments, Inc. 
To analyze the temperature variation of the BAPV modules with different air gaps 
of 0”, 1”, 2”, 3”, and 4”, with respect to ambient temperature and other 
influencing parameters, such as wind speed, wind direction, and solar irradiance. 
The method of linear regression was chosen for this work, and MATLAB was 
used for this mathematical model development.  
Using MATLAB coefficients of the influencing parameters were generated for 
every module each month. For each module, as the data collection was done over 
a period of one year, twelve different coefficient values of each influencing 
parameter were generated for a year. 
For example, twelve irradiance coefficients are generated on a single module in 
one year. Similarly, twelve ambient temperature coefficients, twelve wind speed 
coefficients and twelve constants are generated over the year. 
The twelve coefficients belonging to each influencing parameter are used to 
generate an equation using Microsoft Excel’s curve fitting. 
These equations are used to program an Excel file using Microsoft Visual basic 
which in turn generates the coefficients from the equations and calculates module 
temperature using equation below. 
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Tmodule = E * w1 + Tamb*w2 + WS*w3 + c 
 
 
where:  
Tmodule: module temperature (°C);  
E: irradiance (W/m²);  
Tamb: ambient temperature (°C);  
WS: wind speed (m/s);  
w1- w3: coefficients;  
c: constant.  
 
The results of the thermal model are presented in Chapter 4. 
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CHAPTER 4. RESULTS AND DISCUSSIONS 
 
 
Results of Performance matrix generation software and Module temperature 
prediction software are presented in this chapter. 
4.1 Automation of Performance matrix results 
 
Different procedures are now being followed in a specific sequence to generate 
the performance matrix from raw data. Every procedure is allotted a separate 
button for its execution. The procedures with their buttons are shown below: 
Table 4 Sequence of Procedures/Buttons 
1 Rounding Button1 
2 Sorting in increasing order of irradiance Button 2 
3 Sorting in increasing order of module temperature Button 3 
4 Filtering Button 11 
5 Performance matrix generation Button 6 
 
The performance matrix is generated when these procedures are executed in the 
sequence shown in Table 4.  
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These procedures have their own execution time which depends on the number of 
raw data points. So, the user has to wait for the next procedure until the previous 
procedure completes execution.  
To circumvent the process of executing each program one after the other and to 
avoid the waiting time after each procedure, a master button “AUTO” is now 
created on top left corner of Sheet4. Clicking “AUTO” button would execute all 
the procedures automatically in sequence generating various tables and graphs as 
shown below. 
 
 IEC 61853-1 or user defined Pmppt matrix [Table 5] 
 Pmppt versus Irradiance [Figure 15] 
 Pmppt versus Temperature [Figure 16] 
 Actual Pmppt versus Calculated Pmppt [Figure 17] 
 RMSE value 
 
A sample of energy matrix table based on 12-day datasets of a 
polycrystalline silicon module is presented below: 
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Table 5 Pmax Matrix: Irradiance vs Temperature 
 
 
The Pmax values are calculated according to flowchart provided in the 
methodology section 3.1.5. The generated matrix also differentiates the 
interpolated data (white cells) from the extrapolated data (yellow cells) as shown 
in Table 5.  
 
Performance matrix with different combinations of irradiance and temperature 
other than IEC61853-1 standard can also be created. To generate this user defined 
energy matrix, required combinations of irradiance and temperature values are 
entered in table as shown in the Table 6. After entering the required combinations, 
  
48 
 
“Button 6” is used to re-calculate the user defined matrix.  The user defined 
matrix is as shown in Table 6 . 
 
Table 6 User defined Pmax matrix 
 
Graphs of Irradiance vs Output power and Temperature vs Output Power are 
linked to the values in the energy matrix. When the values in the energy matrix 
are being calculated, these graphs are automatically created. They also get 
automatically updated with change in the combinations of irradiance and 
temperature for user defined energy matrix. 
Screen shot of graphs created are shown in Figure 16 and Figure 17 below.  
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Figure 14 Irradiance vs Power 
 
 
 
Figure 15 Module Temperature vs Power 
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To know the accuracy of the program for the given set of data, linearity check 
between raw data and calculated data can be performed. By clicking “Validate” 
on Sheet1, the Excel file automatically calculates the Pmax value for every 
combination of irradiance and temperature in the raw data set and compares with 
the raw(real) Pmax. A graph is plotted with real Pmax value in X axis and 
calculated value in Yaxis. The slope of the trend line generated shows the 
accuracy of the program. 
Calculated data vs Real data graph is also displayed as shown in the Figure 18. 
 
                      
Figure 16 Validation of calculated value 
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4.1.1 Accuracy of MPPT Tracking by Tracer  
 
To determine if the MPPT tracer is tracking the maximum peak power value on 
the IV curve, the MPPT value and Pmax value on the IV curve has been 
compared. The data acquisition system frequency of MPPT value generation is 
matched with IV curve generation frequency of 6 minutes. The two values were 
compared for a day and achieved a mean deviation of about 2%. 
Equation used:  Percentage Deviation=((Pmax-MPPT)/Pmax)*100 
 
Figure 17 Comparison of Tracer MPPT values with Tracer Pmax values on a 
single clear day. 
 
  
52 
 
The MPPT values with manually calculated Pmax value in an IV curve are plotted 
as shown in Figures 16.  
                    
 
 
Data Collection: 
The raw data should contain datasets having all the module temperatures starting 
from the lowest module temperature to highest module temperature required in 
the performance matrix. This can be verified by carefully observing column “N” 
of Sheet 4. The module temperature values should be incrementing by only 1˚C 
till the highest module temperature available in the data set. 
Figure 18 Comparison of Tracer MPPT Values with Generated MPPT 
Values on a single day 
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To achieve this raw data, the data collection frequency should be sufficient 
enough to record the raw data for every 1˚C raise in temperature.  The module 
temperature rises rapidly during the morning along with the rising sun. During 
mid day, the module temperature remains constant with a comparatively less rate 
of increase in temperature.  During the afternoon and into the evening, the rate of 
decrease in temperature decreases at a lesser pace than the corresponding increase 
in the morning. So to generate the matrix with minimum data points, frequency of 
data point collection can be increased in the mornings where the module 
temperature increases and decreased in the afternoons where there is less rate of 
change in module temperature. In this project, the data collection interval is set to 
6 minutes throughout the day.  
When the number of data points in raw data are reduced, the program has been 
unable to calculate accurate Pmax values. These Pmax values were then 
calculated by interpolating the raw data Pmax values in the same module 
temperature range. To overcome this problem, Pmax values with temperature 
range of +/- 5 ˚C are used for interpolation. This increased the number of data 
points used for calculating Pmax and decreased errors. 
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One of the aims of this project is to reduce the number of days of data collection. 
To determine the required minimum number of days to collect the datasets, 
different approaches were followed as delineated below. 
 
1. 1-module 12-day approach: 
Data of a single module is collected from 7:00AM to 6:00PM for 12 
continuous days every 6 minutes.  Performance matrix generated using 
this approach is shown in Table  . 
Table 7 Performance matrix using single module 12 day approach 
 
 
2. 1-module 6-day approach: 
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Data of a single module is collected from 7:00AM to 6:00PM for 6 
continuous days every 6 minutes. Matrix generated using first 6 days data 
and second set of 6 days are shown in Figure 20.  
 
 
Figure 19 Performance matrix using single module 6 day approach 
Comparison of 12 day and 6 day energy matrix 
Matrix generated using 6-days data and 12-days data are compared. They 
are found to be practically identical at all irradiance conditions except for 
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3 conditions. 100 W/m
2
 at 35
o
C ; 200 W/m
2
 at 35
o
C ; 100 W/m
2 
at 45
 o
C. 
The percentage deviation of the values among the first two approaches is 
shown in Table . 
Table 8 Percentage deviation among Single module 12 day and 6 day approach 
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Figure 20 Comparison of 12 day approach and 6 day approach 
 
4.2 Thermal model automation results 
 
The module temperature is dependent on three influencing parameters which are 
irradiance, ambient temperature and wind speed. The coefficients of these 
influencing parameters are generated for twelve months using MATLAB.  
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These coefficients for 5 modules are generated independently. These coefficients 
of a single module are sorted monthly in a table as shown in Figure 16. 
Coefficients of Column 3 with 4 inch air gap module are being used for 
explanation. 
Each column of coefficients are arranged in increasing order and a third degree 
polynomial trend line is generated for each column as shown below. 
 
 
                         
Figure 21 Coefficients of a module for an year 
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Figure 22 Sorted coefficients of irradiance 
 
Figure 23 Trendline of irradiance coefficients 
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Similarly,trend line equations for coefficients of Tamb and Wind speed are 
generated. 
Thus, for each module trendline equations for Irradiance, Tamb, Wind speed and 
Constant are created. For 5 modules, 5x4=20 equations are generated which are 
manually loaded into the Visual Basic program of the Excel file. 
 
 
 
The Excel file is programmed to generate Thermal model which shows 
temperatures of five modules arranged in a column. Each cell in the matrix 
contains temperature of respective positioned module as shown in Figure 24.   
The user needs to input irradiance, ambient temperature and wind speed at the 
space provided in Sheet1. The user input region is shown in Figure 21.  
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Figure 24 User Input region 
 Clicking “Module Temperature” generates module temperatures of all the 
modules in column 3. The procedure followed by the program is shown in the 
flowchart below. 
 
  
62 
 
 
 
Figure 25 Flow chant of procedure 
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Figure 26 Thermal model result description 
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CHAPTER 5.CONCLUSIONS 
5.1 Performance Matrix 
Based on a 3-column data (irradiance, module temperature and MPPT), Pmax 
matrix at different irradiance-temperature sets per IEC 61853-1 standard can be 
generated by click of a button on an Excel spreadsheet 
3. The program checks for the Pmax linearity with irradiance and 
temperature 
4. The program checks for the data accuracy by comparing the calculated 
data with actual measured data  
5. The proposed approach has the potential generating various user-defined 
plots to use as a diagnostic tool for power plant degradation or soiling 
effect over time 
It can be concluded that the approach is feasible but the accuracy needs to be 
improved. 
5.2 Thermal Model 
  
Temperatures of the modules on rooftop can be predicted using the pre 
programmed Excel file.  The coefficients of irradiance, ambient temperature and 
wind speed have to be initially loaded into the program. These coefficients can be 
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generated using linear regression in MATLAB. These coefficients in turn can be 
used in the programming Excel to automate thermal model.  
 
5.3 Recommendations 
 
Following recommendations are made for improving the accuracy of results 
generated from the automated softwares. 
 In this work, the data is collected from modules at fixed tilt. It is suggested 
that data from modules on two axis tracker is used as raw data for 
automated Excel file. 
 The program uses fixed temperature coefficient. It is suggested to have 
dynamic temperature coefficient. 
 Thermal model is automated for only a column which can be automated 
for entire array using the same approach. In the present work, data is 
sorted on a monthly basis. Coefficients of irradiance, ambient temperature 
and wind speed are calculated for every month assuming the wind 
direction is taken into account. It is suggested to sort the year round data 
on a wind direction basis. 
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APPENDIX A  
COEFFICIENTS USED IN THERMAL MODEL AUTOMATION 
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The monthly coefficients are calculated using linear regression analysis in 
MATLAB. These coefficients are arranged in increasing order and are fitted to 
third order polynomial curve. This curve equation is loaded in the automation 
program to generate the monthly coefficients dynamically. The generated 
coefficients are used to derive module temperature. 
 
 
Figure 27 Monthly coefficients of 4inch air gap module 
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Figure 28 Monthly coefficients for 3 inch airgap module 
 
Figure 29 Monthly coefficients of 2 inch airgap module 
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Figure 30 monthly coefficients of 1 inch airgap module 
 
Figure 31 Monthly coefficients for 0 inch airgap module 
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Figure 32 Month code coefficient generation for 4inch airgap module 
 
Figure 33 Month code coefficient generation for 3inch airgap module 
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Figure 34 Month code coefficient generation for 2inch airgap module 
 
Figure 35 Month code coefficient generation for 1inch airgap module 
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Figure 36 Month code coefficient generation for 0inch airgap module 
 
 
 
 
 
 
